Using data obtained from tide gages in South America, current meters along the equator and the Peru coast, and an array of pressure gages and inverted echo sounders within and around the Galapagos archipelago, we have analyzed the equatorial origin of coastal trapped waves observed by CornejoRodriquez and Enfield (this issue) along the Peru coast during the intense 1982-1983 E1 Nifio. The propagating fluctuations along the coast were much stronger at that time than either before or after the E1 Nifio, and the variability was not locally forced by coastal winds. We find that the coastal variability was also more energetic during previous E1 Nifio occurrences. At periods of 1-2 weeks the meridional component of currents on the equator is up to an order of magnitude more energetic than the zonal fluctuations and is consistently associated with sea level that fluctuates antisymmetrically between hemispheres. At periods longer than 2 weeks the zonal velocity component is more energetic, and the cross-equatorial sea level variability is symmetric. The meridional and zonal phase structures of cross spectra involving the currents and sea level establish the 1-to 2-week equatorial fluctuations as mixed Rossby-gravity (Yanai) waves of low wave number with infinite phase speed (standing oscillations) in the middle of the band (10 days); the corresponding structures for longer periods are consistent with nondispersive Kelvin waves. Frequency domain EOF modes of the sea level and current data establish the mixed Rossby-gravity waves as the principal source of the strong trapped wave variability in the 1-to 2-week band along the Ecuador-Pei'u coast during the 1982-1983 E1 Nifio episode.
. The objective of this study is to answer a question that has perplexed oceanographers for some time: Do these fluctuations originate in the equatorial waveguide? If so, what is the dominant form of equatorial variability that gives rise to them? Kelvin waves are the most frequently observed long waves on the equator, and their dominance at low frequencies (periods of a few weeks or more) seems to account (at least partially) for the remarkable simulation capabilities of relatively simple numerical modeling schemes [e.g., O'Brien, 1980, 1981] . Wyrtki [1975] describes E1 NifioSouthern Oscillation (ENSO) events as the result of equatorial Kelvin waves generated by major wind relaxations in the western and central Pacific. Knox and Halpern [1982] document a low-frequency pulse in equatorial sea level and currents with the characteristics of equatorial Kelvin waves.
Using lagged cross-correlation analysis of band-passed (1-180 days) island sea levels, Lukas et al. [1984] detect zonal propagation along the equator that is consistent with low-frequency There have been relatively few observations of MRG waves at the ocean surface, but Wunsch and Gill [1976] argue that such waves can be excited in the 9-to 10-day period band under large zonal scale (low wave number) wind forcing. Luther [1980] finds some evidence to support this possibility from the cross spectra of sea level between zonally separated, near-equatorial islands. Antisymmetric sea level variability that is consistent with such waves has also been detected. [1981] recognize the presence of both Kelvin and MRG waves in the first and second empirical orthogonal function (oeOF) modes of a cross-equatorial array of subsurface pressure gages within the Galapagos archipelago. Also, Chiswell et al. [1987] have studied the meridional and zonal phase structures in sea level inferred from inverted echosounders deployed in the eastern equatorial Pacific during the 1982-1983 ENSO episode. They show that antisymmetric variability at periods of 6-10 days had the characteristics of lowest baroclinic mode MRG waves. Clarke [1983] has argued that the coastal variability in the 5-to 25-day period band may be due primarily to incident MRG waves, but was unable to confirm this because simultaneous equatorial and coastal data sets were not available.
Thus Ripa and Hayes
We have used data from coastal and equatorial stations (Figure 1 ) to extract both the Kelvin and MRG components of equatorial variability and to compare them with the propagating response along the coast. We use the very distinct amplitude, phase, and propagation structures of Kelvin and MRG waves to separate the two wave forms in our data and determine the relative importance of these wave types. Following a discussion of the theoretical characteristics of equatorial waves (section 2) and description of the data (sections 3 and 4), we apply spectral analysis to the time series of sea level during the 1982-1983 ENSO episode (section 5). After showing the consistency between the sea level and current data (section 6), we synthesize the analyses with frequency domain empirical orthogonal functions (FDEOFs) (section 7). All of our data, equatorial and coastal currents included, are consistent with the dominance of MRG waves in the 1-to 2-week band along the equator and demonstrate their strong connection with the trapped coastal fluctuations.
EQUATORIAL WAVES
The governing equations for equatorial long waves were first developed by Laplace for shallow water on a rotating sphere. Their solution consists of an infinite set of meridional modes that obey the dispersion relation (co/c) 2 -k • -fik/co = (2n + 1)fi/c, where co is frequency, k is wave number, c is a separation constant (also the gravity wave speed), f is the Coriolis parameter, fi = df/dy, and y is the meridional coordinate [Moore, 1968; Moore and Philander, 1977; Gill, 1982] . The integer n is the order of the Hermite polynomial that governs each of the modes.
The dispersion curves for a subset of the modes are plotted in Figure 2 as a function of dimensionless frequency and wave number. The slope of a line connecting the origin with points (co, k) on a curve gives the phase velocity of the corresponding wave; the slope of the tangent to the curve at the same point gives its group velocity. For positive (negative) wave numbers the phase propagation is toward the east (west). There are four classes of waves: the Kelvin wave (n = -1), inertia-gravity waves (fik/co small, n > 1, high frequencies), Rossby waves (co2/c2 small, n > 1, low frequencies), and the mixed Rossbygravity wave, or Yanai wave (n = 0). Phase propagates eastward for the Kelvin wave and westward for Rossby modes, while inertia-gravity and MRG waves may propagate in either sense. Energy propagates eastward for Kelvin and MRG waves but in either sense for inertia-gravity and Rossby waves. (first baroclinic mode) extends from 5-6 days to 30-33 days. Hence wave energy in the 1-to 4-week period range can only propagate eastward in the form of Kelvin and MRG waves. When it impinges on an eastern boundary, the energy cannot be reflected in the form of inertia-gravity waves or long Rossby waves and must continue poleward along the coast as trapped waves [Clarke, 1983] .
Equatorial Kelvin waves propagate eastward nondispersively with water particle velocities that are everywhere parallel to the equator. The sea surface displacement is maximum at the equator and falls off symmetrically to the north and south with a Gaussian shape (Figure 3) . For the typical stratification found in the equatorial Pacific, the gravity wave speed is in the range 2.5-3.0 m/s, and the meridional decay scale (equatorial radius of deformation) is several hundred kilometers. The MRG wave has an antisymmetric displacement profile with extrema near _ 3 ø to ___ 4 ø and no displacement at the equator (Figure 3) . Particle velocities are entirely meridional at the equator, but both components are nonzero off the equator. Note that the MRG dispersion curve (Figure 2 ) crosses the zero wave number axis where c02 = C0o 2 = tic. For a typical value of c = 2.5 m/s this occurs at a period of T O = 9.6 days, which we call the "MRG crossover." The crossover is special because the phase speed goes through a discontinuity there, being negative (positive) to the left (right) of the frequency axis. At the crossover itself, there is a superposition of two waves of infinite wavelength and phase speed, one traveling east, the other west (Figure 4 ). This yields a standing wave of infinite wavelength (the energy, however, propagates eastward).
In Figure 4 we show the Kelvin and MRG phase spectra for two hypothetical sea level stations located near the equator with a zonal separation of 1000 km, assuming a separation constant c = 2.5 m/s. Calculated values of the phase lie between + 180 ø, so that physical phases differing by multiples of 360 ø are indistinguishable. We refer to this as "phase wrapping." Thus the phase relationship for (nondispersive) Kelvin waves consists of a set of parallel straight lines that phasewrap away from the origin with positive slope. The phase spectrum of MRG waves is very different from that of Kelvin At the eastern boundary the incident energy must continue poleward into both hemispheres as coastal trapped waves. Poleward of the the equatorial deformation radius for the incident waves the coastal wave variability will have characteristics of free waves that do not depend on the nature of the equatorial waves from which they arise. The coastal waves are hybrid' they depend on both the topography of the continental margin and the density structure in the water column.
At sufficiently low latitudes (equatorward of 15øS on the Peru coast) both theory and observations indicate that they behave much like internal Kelvin waves trapped by a vertical boundary, because the offshore scale of the waves is typically larger than the scale of the coastal topography [Allen and Romea, 1980; Brink, 1982] .
D^z^
Several types of data (Table 1) were used for this analysis' sea level height (SLH) from tide gages (TGs) in Colombia, Ecuador, and Peru, dynamic height from inverted echo sounders (IESs) deployed in an array around the Galapagos Islands, subsurface pressure from pressure-temperature gages (PTGs) deployed within the Galapagos archipelago, and current meters located along the equator at 95øW and 110øW and over the continental shelf and slope along the Peru coast at Talara-Paita, Callao, and Santa Cruz. The hourly TG data were checked for errors and corrected, then small gaps (2-3 days or less) in the series were filled using an autoregressive filter [Anderson, 1974] To suppress the influence of the diurnal and semidiurnal tides, the sea level series were low-pass (LLP) filtered using a cosine-Lanczos filter with a half-amplitude near 40 hours and then decimated to obtain 12 hourly series. The time coverage of the LLP data is shown in Figure 5 In this paper we concentrate our analysis exclusively on data acquired during the 1982-1983 ENSO occurrence, when the high-frequency (>0.07 cpd) coastal variability was especially intense and clearly propagating as coastal trapped waves. Our ability to demonstrate the existence and type of connection between the coastal variability and equatorial waves depends critically on measurements of equatorial currents and off-equatorial sea level. The latter, in particular, are only available for the 1982-1983 ENSO episode from the IES deployments. The lack of near-equatorial information from current meters or IESs during the 1970s precludes an analysis of the previous ENSO events.
ANTISYMMETRIC VERSUS SYMMETRIC VARIABILITY
We begin our analysis by testing the simple hypothesis that antisymmetric SLH variability in the 1-to 2-week period range is the dominant waveform along the equator and be-tween hemispheres along the coast. We have done this in two ways' by making cross-equatorial comparisons of phase and by looking for zonal propagation phase signatures of equatorial Kelvin and MRG waves.
Meridional Comparisons
A straightforward consequence of MRG dominance is that coastal sea level variability on either side of the equator will be out of phase. As a test for this condition, we calculated Cross spectra betwee n stations that lie 20-5 ø off the equator (on opposite sides). Sea level is compared between Buenaventura and Talara We have also computed the cross spectra between Buenaventura and Talara SLH series for periods before (June 1981 to June 1982) and after (December 1983 to May 1984) the 1982-1983 ENSO event. We do not find evidence in the coherences or phases for antisymmetric variability during these non-ENSO intervals; coherences are generally much lower in the 1-to 2-week band, and phases are either indeterminate (pre-ENSO) or favor the presence of symmetric variability (post-ENSO). In summary, the cross-equatorial phase relationships, both at the coast and on the equator, are consistent with the dominance of Kelvin waves at periods of 2 weeks or more, and of MRG waves at periods of 6-11 days, but the latter only during the 1982-1983 ENSO episode.
Zonal Propagation Signatures
To investigate wave propagation structures, we have also computed the cross spectra between zonally separated sea level stations in the equatorial zone, including the nearequatorial coastal station, La Libertad. In particular, we are looking for phase spectra that reproduce the phase distributions expected for Kelvin and MRG waves (Figure 4 Table 2 and discussed below. The spectra fall into two groups that are readily rationalized in terms of the sum/difference argument or the expected amplitudes of symmetric versus antisymmetric variability with distance from the equator ( Figure  3) . Cases involving the summed series and/or stations close to the equator (Galapagos) have significant coherence primarily at the low frequencies and phase distributions that (where coherent) are reasonable for Kelvin waves. With difference series and/or stations away from the equator the coherence is significant in the 1-to 2-week band, and phases lie along the appropriate distribution for MRG waves. Computations involving the IES at 2øS, 85øW also show high coherence at higher frequencies. The phases in both the symmetric and antisymmetric groups are consistent with curves based on the same gravity wave speed (separation constant), as one expects.
A particular result is that phases for the antisymmetric group consistently cluster around zero near the 10-day period, and the crossover period inferred from the fitted line is T O -9.8 days. In other words, the MRG dominance is concentrated in a frequency range for which zonal phase speeds are very large, i.e., the variability consists essentially of standing oscillations. However, when coherent variability extends to the higher frequencies, the MRG variability propagates eastward more slowly (yet faster than Kelvin waves), as expected. where Wolf Island was concerned, which has very low coherence with other stations and uninterpretable phases. The phase spectra were fitted by least squares to the corresponding theoretical curves (lowest vertical mode) using phase estimates for which the coherence is significant at the 80% confidence level or higher. The fit statistics are shown in Table 2 (upper  group) . Kelvinlike distributions were fitted to a straight line constrained to pass through the origin; only frequencies below 0.1 cpd were considered, where the spectra were coherent and the phases meaningful. The slope of the fitted line is the estimated gravity wave speed (Kelvin phase speed) over the frequency range for which coherent estimates were available (periods greater than 10 days). It is also the estimated separation constant (c) for the family of dispersion curves to which the fitted line belongs.
The MRG-like phase distributions were fitted to the theoretical hyperbolic function derived from (1):
where •b is the phase (radians) and L,• is the station separation. Because the MRG fits are very sensitive to errors at low frequencies and low-frequency phases were often ambiguous, the fits were done only for frequencies above 0.085 cpd. (Because of the generally low coherence of MRG-like distributions at low frequencies, few estimates were neglected.)
Although the estimates of c tend to be lower for MRG cases (2.4 m/s) than for Kelvin cases (2.7 m/s), they are not statistically different, and they all fall within a reasonable range for observed gravity wave speeds on the equator. Because small errors in phase result in large differences in c at low frequencies, and due to the smaller frequency ranges used, the Kelvin fits are less significant. The approximate 95% confidence intervals for c are (2.1, 3.8) and (2.2, 2.7) for the Kelvin and MRG fits, respectively. We therefore consider 2.4 m/s to be our best estimate of the gravity wave speed along the equator in the eastern Pacific during the 1982-1983 ENSO. 
Phase Propagation
The other three panels of Figure 10 show the coherence and phase spectra for the velocity components at 95øW versus sea level at the 85øW IESs. The spectrum for the zonal flow at 95øW versus sea level at 2øS, 85øW has coherent bands near periods of 100, 8-10, and 5-6 days and shows a very clear, nondispersive propagation consistent with Kelvin waves. For reference, we show the theoretical phase curves for a gravity wave speed of 2.4 m/s, although the least squares fit to the phases gave 2.3 m/s ( Table 2 ). The corresponding spectrum for the IES at 3øN, 85øW (not shown) was less coherent and had only a wide, random scattering of phases that could not be interpreted in terms of any known wave type. Once again, Kelvin waves are preferentially "selected" by the zonal velocity on the equator, so the lack of signal at 3øN is most likely due to the rapid poleward decrease of the sea level amplitude for Kelvin waves beyond the equatorial radius of deformation.
The cross spectra for the meridional velocity are generally more coherent than for the zonal velocity, especially at periods of about 2 weeks or less. Their phases are also distrib-uted in a regular fashion, but their orientation is not as linear as for the zonal flow and does not project toward zero phase at zero frequency. They lie, instead, along the theoretical phase curve for MRG waves having a separation constant about equal to the observed Kelvin wave speed. In particular, the meridional velocity leads sea level by •t/2 (+ 90 ø) near the crossover frequency (0.10 cpd), as expected for MRG waves, and they are well distinguished from the expected Kelvin wave phases at that frequency.
We have also tried other combinations of current velocity and SLH from various sources (TGs and PTGs at the Galapagos), including the sums and differences of cross-equatorial SLH pairs. Most of these are considerably less coherent than the cases shown in Figure 10 and do not show a clear selection of wave types over wide frequency ranges within a single spectrum. However, coherent bands near the crossover period (10 days) are a robust feature and consistently have phases near q-90 ø (merdional velocity leads/lags SLH in the northern/southern hemisphere). Not surprisingly, we repeatedly find that the use of velocity components is a more effective method for discriminating between wave types than are crossequatorial sums and differences of sea level (section 5). Also, the IESs are more effective detectors of MRG variability than the island-based TGs and PTGs, probably due to their higher latitude and more favorable exposure.
Kelvin waves are, of course, deselected by the meridionaI velocity in favor of MRG waves, just as the zonal component selects in favor of Kelvin waves. The results shown in Figure  10 therefore demonstrate conclusively the coexistence of both equatorial wave types over a wide frequency range but do not show clearly which is the dominant form. Other evidence (Figures 7 and 9) shows that MRG waves consistently dominate in the 1-to 2-week period band, while Kelvin waves are preponderant at lower frequencies.
FREQUENCY DOMAIN EOF ANALYSIS
To obtain an integrated overview of the data sets in the 1-to 2-week frequency band, we performed two FDEOF analyses, one on the sea levels and the other on the currents. The use of FDEOFs was introduced in meteorological applications by Wallace and Dickenson [1972] and Wallace [1972] and has since become common in the context of coastal ocean dynamics as well [e.g., Wang and Mooers, 1976]. Our analyses cover the common data period from May 9, 1983 to November 7, 1983. The Wolf Island sea level is not used because the data are missing for much of this period ( Figure 5 ). Both components of the equatorial currents are used, plus the alongshore component at the coastal moorings. We have multiplied the coastal alongshore currents by -1, so that a poleward geostrophic flow in the southern hemisphere would correspond in sign (phase) to a rise in local sea level. The cross-spectral matrix used as input is comprised of bandaveraged spectral estimates with 12 d.f. for the 8.7-to 11.5-day band with a central period of 10 days. This band contains energetic antisymmetric variability along the equator spanning the crossover frequency (Figures 7-10 ) and strong propagating variability along the coast [Cornejo-Rodriguez and Enfield, this issue, Figure 10 ]. We do not use a wider frequency range because of the rapid variation of zonal phase differences in the equatorial waveguide, within the crossover band.
The first modes of the analyses explain 73% and 61% of the total variances in the data for SLH and currents, respectively. The second modes explain 15% and 23% of the variance. At The first modes of the analyses explain 73% and 61% of the total variances, respectively. All sea level phases are referenced to +90 ø at the 3øN, 95øW IES, and all current phases are referenced to + 180 ø for the meridional velocity at the 0 ø, 95øW equatorial mooring. Propagation is in the direction of decreasing phase. Poleward propagation speeds are calculated from the phase differences between stations along the coast. Each phase speed is for the indicated station versus the next station equatorward. Station locations are listed in Table. The first mixed mode of the analyses explains 59% of the total variability. All phases are referenced to 180 ø for the meridional velocity at the 95øW equatorial mooring, and propagation is in the direction of decreasing phase. Poleward propagation speeds are calculated from the phase differences between stations along the coast. Each phase speed is for the indicated station versus the next station equatorward. Station locations are listed in Table 1. of the coastal currents indicate poleward flow when local sea level is high. Zonal phase differences along the equator indicate that fluctuations in SLH and meridional current propagate eastward or westward at high speeds, probably indistinguishable from infinity (i.e., an MRG interpretation). Adding or subtracting 360 ø from the equatorial phases gives much slower propagation rates, too slow, for example, for lowest mode equatorial Kelvin waves, or in the wrong direction.
The phase speeds along the coast obtained from this analysis are in good agreement with the first-mode, free wave phase speeds calculated by Brink [1982] using realistic stratification and bottom topography. Using the phase speeds in Brink's Table 4 for various segments of the Peru coast, we estimate the "theoretical" speeds between Paita and Callao (5øS-12øS) to be 2.6 m/s (versus our observed range of 2.3-3.1 m/s).
Sea level FDEOF amplitudes are generally larger along the coast than at the IESs. Clarke [1983] , approximating the coast by a vertical meridional wall and assuming that half of the incident MRG energy continues into each hemisphere as coastal Kelvin waves, shows that the equatorial and coastal amplitudes should be comparable but the coastal amplitudes increase poleward in proportion to ifil/2 outside the "corner" region where the two waveguides (equatorial and coastal) overlap. Only Callao (12øS) is far enough poleward for the large-latitude Kelvin wave formula to apply. Assuming that the IES measurements are accurate and represent conditions in the equatorial waveguide unaffected by the boundary, then Clarke's analysis suggests that the amplitude at Callao should be about 2 cm as opposed to the observed amplitude of 1.1 cm. A number of uncertainties arise in making such comparisons, however. First, the coast is not meridional and the equal division of incident energy between hemispheres is unverified. Second, one can speculate that the relevant zonal scale for these very long MRG waves is such that the IESs also lie within a proscribed region where such comparisons are invalid (A. J. Clarke, personal communication, 1987) . The fact that the observed FDEOF amplitudes decrease poleward rather than increase is inconsistent with the argument based on energy flux conservation (i.e., the Ifl 1/2 proportionality), but this does not apply in the corner region where the amplitude relationships have not been worked out theoretically.
We have also computed the mixed FDEOF of currents and sea level together by including the cross-spectral estimates between currents and SLH and normalizing all elements of the matrix by the autospectral estimates. In this analysis we have not used the currents at 110øW and include only the meridional currents at 95øW. The results are summarized in Table 4 for the explained variance and phase, showing that the phase relationships are very similar to those of the separate FDEOFs (Table 3 ). The amplitudes are not shown because of the normalization. Finally, the phases from Table 4 In summary, the dominant modes of 1-to 2-week variability in the eastern equatorial Pacific sea level and currents are clearly consistent with stationary, antisymmetric oscillations along the equator that transform into poleward propagating trapped waves along the South American coast (both hemispheres). We can find no concrete evidence for the existence of equatorial Kelvin waves in this frequency band, and the remaining (unexplained, higher mode) variability probably consists mostly of unstructured noise.
DISCUSSION
The large explained variance of the two FDEOFs and their high mutual coherence indicate a strong coupling of the meridional velocity at 95øW and antisymmetric sea level near the equator with sea level and currents along the coast. The importance of the 95øW meridional velocity together with antisymmetric phase structure across the equator, small phase differences over large zonal distances along the equator, and poleward propagation along the coast are compelling evidence that low wave number MRG waves are the main source of the energetic coastal trapped waves observed during the 1982-1983 E1 Nifio. The spectral analyses, on the other hand, have been especially useful in showing the dominance of MRG waves at 1-to 2-week periods versus Kelvin wave dominance at longer periods. They also demonstrate that the Kelvin and MRG phase relationships agree in that they have the same separation constant as expected for free equatorial waves [Moore, 1968; Gill, 1982] .
It is interesting that the MRG variability dominates so strongly in the 1-to 2-week period band. This can be most readily explained if the waves are forced by large zonal-scale wind oscillations as suggested by Wunsch and Gill [1976] and further explained by Clarke [1983] . There are selection rules that determine which wave modes are most efficiently excited by a wind field of given zonal extent ['McCreary, 1984] . In effect, waves with lengths less than twice the extent of the wind field are not as readily excited as longer ones. At periods of 10 days or less, Kelvin waves have wavelengths of less than 2500 km; conversely, MRG waves within the 1-to 2-week band have large phase speeds and wavelengths that range from 3000 km to basin scale.
All of the phase relationships seen in the data sets are consistent with the lowest vertical mode variability of Kelvin and MRG waves. We cannot conclude from this that higher modes are not present, because sea level acts as a filter that blocks higher-mode variability in favor of the lowest mode(s). In fact, the cross spectrum between the meridional currents at 95øW and 110øW (not shown) yields low coherences and nonsensical phases, whereas the SLH-current spectra were quite informative. In the former case, all vertical modes are presumably present, giving a chaotic superposition of phases; in the latter case, the SLH variability has filtered out the higher modes and left only the low-mode phase information. We have no means of analyzing the mooring data for higher vertical modes because the moorings contain only a few current meters with good data return, mainly at depth of 250 m or less.
Perhaps the most intriguing question is, why are the coastal trapped waves so strong during intense ENSO episodes (Figure 6 )? The limited analysis we have done on coastal sea level phases across the equator suggests that antisymmetric variability was not strong or present at all before and after the 1982-1983 E1 Nifio. Is it possible that the necessary forcing of MRG waves at low wave numbers is only efficient during ENSO events? If the mode selection argument holds, we need not expect that such wind variability be a narrow-band process near the 10-day period, but only that it be zonally coherent. There is evidence in the meteorological literature that large paired cyclones are a frequent occurrence in the western and west-central Pacific during strong E1 Nifios [e.g., Keen, 1982] . The cyclones recur at synoptic intervals and appear to be associated with strong wind fluctuations at equatorial islands [Luther and Harrison, 1984] . We have no direct evidence of how the MRG variability is forced, but equatorial winds with zonal coherence scales of 10ø-20 ø longitude or more are a likely candidate. In particular, their interannual variability and dependence on Southern Oscillation conditions should be investigated.
